Improved techniques for remote sensing of cirrus are needed to obtain global data for assessing the effect of cirrus in climate change models. Model calculations show that the far infraredlsub.millimeter spectral region is well suited for retrieving cirrus Ice Water Path and particle size parameters. Especially useful cirrus information is obtained at frequencies below 60 cm1 where single particle scattering dominates over thermal emission for ice particles larger than about 50 m.
INTRODUCTION
Estimates indicate high altitude ice clouds account for the majority of radiative cloud warming effects. The theoretical basis for the retrieval ofcirrus properties from microwave/sub-millimeter (sub-nun) radiance spectra using realistic particle shapes is a recent development. Model calculations show that the Far-Infrared(Far4R)/sub-mm spectral region (100 im < wavelength < 1000 pin) is optimally suited for cirrus cloud observations since the measured radiance spectral response is close to the third moment, i.e. volume, ofthe particle size distribution. This contrasts with shorter wavelengths which operate in the geometric limit where the signal is proportional to particle area. As a result, less error exists in Ice Water Path (IWP) due to particle size, shape and phase function uncertainties compared with visible and IR methods. Since surface radiation variations are effectively blocked by water vapor absorption, the radiation background spectrum below the cirrus is relatively uniform for distinguishing the spatially variable cirrus signal in the sub-mm windows. At sub-mm wavelengths the ice particle emission and cloud temperature are relatively unimportant as a result ofthe reduced absorptivity of ice at these wavelengths. Finally, this spectral range provides the best particle size resolution for particle sizes greater than 50 m, a size range not well resolved by either visiblellR or radar data. The purpose ofthis paper is to show a representative sample ofEarth radiance measurements in this spectral range, and some preliminary comparisons to model calculations.
FAR INFRARED CIRRUS PROPERTIES
As viewed from a high altitude aircraft or space platform, the Earth upwelling spectral radiance in the Far-IR mirrors the atmospheric temperature at the altitude where the optical depth saturates. The main radiance components are:
1 . Radiation from tropospheric water vapor which mirrors the brightness temperature at optical depths defined by water vapor rotational transitions and the water vapor continuum opacity; 2. A possible black-body4ike component from highly emissive liquid water cloud tops if not shielded by the vapor opacity; 3 . Abroad-featureless reduction in the radiance from scattering by ice (cirrus) particles; 4. Impressed upon these components are a number of relatively narrow water vapor and ozone rotational transition features arising from their concentrations in the upper troposphere and stratosphere. Figure 1 is a model calculation ofbrightness temperature viewed from 12.5 km for a mid-latitude winter atmosphere containing a cirrus cloud between 9 and 10 km altitude2. The cirrus layer, characterized by a median mass equivalent diameter (Dme) of 100 j.tm and IWP of 10 g/m2, implies a visible optical depth of 0.5. In this case the maximum temperature depression occurs in the "window" region of 45 cm'. 
TilE FAR iNFRARED SENSOR FOR CIRRUS (FIRSC) iNSTRUMENT
The objective of this international collaborative effort is to obtain sub-mm radiances from cirrus. develop cirrus property retrieval methods, and validate these remotely sensed properties with other measurements. A major task for the measurement program was to design a Fourier Transform Spectrometer (FTS) aircraft instrument to measure the upwelling far-infrared spectral radiance spectrum from an aircraft platform. A spectral resolution of 0. 1 cm4 is required to resolve the typical pressure-broadened lines of gaseous absorption features, primarily due to water vapor. The most difficult requirement was for a spectral Noise Equivalent Temperature sensitivity (NEiT) of order 1K within a scan time of a few seconds. The short scan time is necessary to resolve cloud changes equivalent to less than 1 km at the typical airspeeds for ajet aircraft.
A FTS instrument can provide the wide spectral range and optimal resolution for radiance spectra measurements which span the Far-IR/submm atmospheric windows at wavelength longer than 100 tm (i.e. frequencies less than 100 cm' or 3000 GHz). Furthermore, a polarizing VFS instrument ifused in a slant path viewing mode can provide particle shape information from vertical and horizontal linear polarization measurements. In a Martin-Puplett configuration dihedral (roof-top) mirrors replace the usual flat mirrors of a Michelson configuration and the instrument can be operated either in intensity or polarization sensitive modes.3 The FIRSC Fl'S was built in a collaborative NASA and university effort. The cryogenic detector system was designed by Queen Mary and Westfield College based upon a similar system developed for the European SAFIRE-Airborne program.4
The FIRSC instrument uses two spectral channels to span the range between 10 and 140 cm' ,the lower range from 10 to 70 cm1 being sensed with a bolometer cooled to 0.3 K, and the 80 to 135 cm1 range with an unstressed Ge:Ga photodetector cooled to 4.2 K. Cold optics and filtering inside the dewar define the field-of-view and spectral bandpass. Calibration is provided by scans with the reference port blackbody adjusted in flight to two known temperatures and an ambient temperature blackbody shutter inserted into the sky port. The polyethylene window is not included in the in-flight calibration path. Thus the transformation of measured sky spectra to calibrated sky brightness temperature is complicated by the need to correct for the emissivity and transmission of the polyethylene window. The other major calibration parameter is emissivity of the reference blackbody. The blackbodies are a QMW-developed material consisting ofcarbon-filled epoxy material with an inverted pyramidal surface. The measured emissivity is 98% at 10 cm' rising to 99.5% at 40 cm1 . Furthermeasurements ofthe reference blackbody emissivity are planned as an uncertainty ofonly 1% translates to a 2.5 K uncertainty in the calibration to absolute brightness temperature. In the 1999 series of seven flights, five flights were made with cirrus forecast at Penn State, one ifight over LaRC for clear sky calibration, and one flight to measure linear polarization ofcirrus. The duty cycle in 1999 was increased to have full resolution (0. 1 cm') interferograms sampled at 0.8 km intervals (5 sec intervals) along track compared to a 2.5 km sampling interval in 1998. Another important modification for 1999 was to increase the low frequency channel sensitivity by reducing the band's high frequency cut-off from 70 to 35 cm' . With these changes and improved shielding against electromagnetic interference, the in-flight noise levels in 1999 essentially matched laboratory performance. The level of single scan noise is shown in Figure 3 .
From the flights to-date, three examples have been selected to illustrate the range of radiance spectra in the case of no cirrus, thin cirrus, and ice clouds associated with a deep convective and precipitating front.
Clear sky and thin cirrus:
Examples of measured and calibrated radiance spectra are shown in Figure 3 The conversion of measured radiance difference to absolute temperature requires accurate measurements of the emissivity of the reference blackbody and the transmission/emissivity of the polyethylene fuselage window. Figure 5shows the current calibration of the clear sky measurement to the radiance calculated using the radiosonde temperature/humidity profiles and Hitran line database. The very centers of the strongest water line centers at 18.6 and 25cm' are difficult to model due to absorption within the instrument. The calibration in Figure 5 , which uses the current best measurements ofthe blackbody emissivity and window transmission, agrees well with the principal spectral features but shows a temperature offset of about 6 C. This difference could be the result of as little as a 2 % bias in the combined blackbody emissivity, window transmission, and radiosonde data. A future redesign ofFIRSC will hopefully eliminate the window external to the in-ifight calibration path. However, a very accurate measurement ofthe reference blackbody emissivity is a fundamental requirement. Figure 6 compares calibrated radiances for the measured spectra in Figure 3 . No retrievals for cirrus parameters have been made for the Flight #13 data in Figure 6 . Thus we do not know the relative effect ofcirrus and water vapor profile differences in producing the approximate 20K lower brightness in the sob-mm windows (e.g.22 and 30 cm-i) seen here. The brightness temperature difference appears to be a maximum near 30 cm-i, suggestive of a median particle size near 200 iim. It is possible that the coincident Penn State 94 0Hz cloud radar data when fully analyzed will provide some validation. Figure 3 . The temperature differences of about 20 C in the cirrus-sensitive windows are substantiated by equal brightness temperatures in regions of strong water line emission (e.g. 18.6. and 25 cm1) which are not sensitive to cirrus.
Deep Ice Clouds of a Precipitating Frontal System:
A flight from the 1998 series provides our best example to-date of very cold brightness temperatures encountered over deep ice clouds. In this case our flight segment included both clear sky and the deep ice clouds associated with a precipitating frontal system for which the satellite IR image is shown in Figure 7 .
GOES-S IR Image over Eastern US, 1545 UTC, May 27, 1998
Wavenumber (cm-I) 30 Figure 7: IR Image of Frontal System. The front was moving south but with a 70 kt wind from west at the cirrus top of 12.5 km. The flight segment started in the NE corner and tenninated at the SW of the highlighted box. An early version of calibration for this data is shown in Figure 9 . The result shows residual fringing from the window and also deviates at higher frequencies from the tropospheric temperature, known from a radiosonde to be about 2 15 K. Nevertheless, the data show that very large brightness temperatures can occur over deep ice clouds. An important parameter in designing remote sensing technology for cirrus is the scale of its variability. In addition to very large temperature depressions this flight over a strong convective front showed unusually large radiance changes on a sampling scale of 2.5 km. Figure 10 shows the change in the average brightness temperature in 3 sub-mm windows for this flight segment. Many factors could influence the brightness temperature but the changing relative values of the different frequency bands is suggestive of variability in particle size. It should be noted that other flights, all over non-convective systems, have shown little variability over distance scales of 10 km. 
Window-averaged

Cirrus Polarization Measurements
Theoretical models for cirrus scattering predict that non-spherical ice particle will be aligned aerodynamically with the longer particle axes horizontal5. Consequently if viewed along a slant path columnar particles will show enhanced scattering, i.e. colder brightness, for horizontally polarized (H) than for vertically polarized (V) radiation. The following figure is a measurement of polarization intensity difference along a slant path 70 degrees from nadir. This data was obtained June 3, 1999, on a flight track along the N-S axis of an eastwardly advancing front over central Virginia. The H-V linear polarization difference was recorded on the northbound leg (with a minor replacing the input polarizer in the configuration in Figure 2 ) followed by a measurement of the H intensity on the reverse track. The track covered clear areas at the northern terminus and these two measurements define the H and V temperature depressions associated with the segment over cirrus. 
CONCLUSIONS
The results to-date show the generally expected reductions in Earth radiance correlated with visual observations of the cirrus optical depth. In addition, the polarization of cirrus scattering at sub-mm wavelengths has been observed. Our current effort is focusing on understanding the calibration of the measured spectra to absolute brightness temperature where the reference blackbody emissivity and PE window properties are the major uncertainties. At the same time the program is exploring the instrument changes necessary to install FIRSC on a higher altitude aircraft such as the Proteus or ER-2. The current restriction to commercial aircraft altitudes ofless than 43,000 ft enables cirrus overflights only during the winter/spring at mid-latitude, and excludes flights over tropical cirrus which occurs at higher altitudes. Retrieval analyses are planned for the next phase to investigate in more detail the correspondence to model radiances and the role of in-cloud water vapor in limiting the sensitivity at sub-mm wavelengths to lower cloud cirrus. This effort will also integrate into the analsyses available radiosonde and cloud radar data by the Penn State group, radiosonde data obtained by the LaRC lidar group, satellite imagery, and ATSR infrared sounding data.
In a parallel technology program this data is being used to evaluate and model a radiometer concept for cirrus measurements from space. In a joint effort with Goddard Space Flight Center, high temperature superconducting bolometer technology is being evaluated for this application6. These detectors, which require cooling to only 80K, appear to be sufficiently sensitive to measure the broadband "window" brightnesses (e.g. Figures 9 and 1 0) with a relatively modest size radiometer.
